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I. INTRODUCTION 
The use of nuclear power is of considerable interest to those 
concerned with aircraft development because it could provide a means of 
giving aircraft greatly extended range . To be able tQ base military 
aircraft in the United States and still have~ striking force anywhere 
in the lAOrld -would be of tremendous strategic importance. Its 
application to long range anti-submarine and early warning operations is 
evident. The elimination of foreign bases alone would result in large 
savings t o the taxpayer. Commercial aircraft applications seem rather 
remote at thi's time but should not be discounted. 
The problem{:3 associated with nuclear power for aircraf't are 
extensive; some are minor in nature, others appear al:most insurmountable. 
In the latter category is the shielding of personnel and equipment from 
the radiation associated with nuclear fission. The nuclear reactor and 
its surrounding shield give rise to almost every known type of nuclear 
radiation. The gamma radiation, in particular, is dif ficult to absorb 
or attenuate. The usual approach to the problem is to use a material 
composed of heavy elements which abserb or attenuate the gamma-rays. 
Lead, steel, and concrete are commonly used for this purpose, but their 
comparatively low strength to weight ratio make them undesirable as 
structural materials in aircraft. Steel may be used in some applications. 
The shielding necessary results in a mass which not only contributes 
little to the aircraft structure but also results in concentrated stresses 
in the structure itself. 
In some applications a high degree of gamma- ray absorption may not 
be necessary~ It may be completely satisfactory to accept absorption to 
a lesser degree and seek some method of deflection or reflection of the 
radiat:ton to protect certain areas such as e;rew compartments or components 
which may be susceptible to radiation damage. An eff ective means of doing 
this could logically result in an overall saving in the mass of shielding 
mater~al required. 
Except fer the energies usually involved, the reflection of gamma-
:rays may be considered similar to reflection of x-rays which has been 
used in commercial and scientific applications for many years. The 
phenomenon is not dependent on surface characteristics as in the case of 
light rays but rather depends on the lattice structure of the reflecting 
material •. The optimum condition is one vhere the most densely packed 
atomic planes of a single crystal are aligned at the critical angle 
corresponding to the radiation energy. 
It is the purpose of this investigation to detemine attenuation 
effects associated with reflection of gamma- rays by a single metallic 
crystal. If the results a1>e significant, development in the technology fox-
construction of reflective type gamma-radiation shields may be indicated. 
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lI . REVIEW OF UTEP.ATUBE 
A large volume of literature is available on the subject of the 
interaction of ~-rays vi.th matter. 0£ t h.a material available, the 
presentation by Goldstein(;) appears to be as complete as any. His 
vork includes e.ffeets of higher order as well as the primacy contributions 
of photoelectric effect, pair production, and Compton effect. Davisson 
and Evans (J) have presented data to predict the characteristics of photons 
of various en.ergies when scattered by many of the common materials. 
T11ere is also a wealth of information on the reflection and 
diffraction of x-rays, a small portion of which is direetly applicable. 
In 1914, Bragg and Bragg (1) saw, in previous work on x-ray diff'raction., 
the implication that an x-ray beam could be reflected i'Tom the cleavage 
plane of a crystal and developed t he equation; 
n >-. = 2d sine 
where n is an integer, the order of the reflection; .Ais the wave-
length 0£ the incident x-ray; dis the distance between the crystalline 
planes; and e is the critical angl.e. The accurate measurement of 
lattice spacings in crystals followed since it was possible to determine 
the wavelengtns of x-rays by the use of ruled gratingsw The principles 
developed by Bragg and Bragg are interwoven in modern t heories of solids 
and crystallography. 
The applicability of x-ray data to gamma- ray reneetion study 
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a-ppears to require no special considerations. Although they differ in 
origin, x-rays and gamma-rays have no other properties that are 
different. Despite the close correlation, little information is available 
on the reflection of gamma-rays . Of course, the extremely small angles 
involved in the Bragg equation for the usual range of gamma-ray energies 
makes the use of gamma radiation inferior to x-rays in many applications. 
In 1956 Crocker (2) conducted a study of gamma-ray reflection by 
small curved banks of laminated aluminum foil. Although the distances 
between the aluminum layers were large compared to the distances between 
crystal planes, he observed r eflection tendencies. This method of 
approach was pursued in 1957 by Mergl (7) . He used single crystals of 
zinc which had been bent in an arc. Although the crystals were stressed 
and the crystalline planes distorted by bending, his e:icperim.ental data 
indicated that there was a measurable amount of gamma radiation 
deflected by the single crystal. In 1958 Wilson (9) compared the 
effectiveness of single crys.tals of zinc as a function of thickness and 
surfaces. His results again showed small amounts of reflection. He 
concluded that there was ne measurable surface effect and the effectiveness 
of several crystals was essentially the same as that of one large 
crystal of the same size. Sasseer (8) continued the investigation in 
1959 when he sought to present his results in the fom. of a plot 
6f the lUein-Nisbina cross section as a function of scattering angle 
£or singl e crystal and polycrystalline zinc. He reasoned that any 
effects of reflection should appear as a variation in the Klein-
Nishina cross section for the single crystal. Unfortunately, difficulties 
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with the counting equipment and a subsequent change in scalers resulted 
in poor correlation of the data before and after the change. Sassee?' 
eXperieneed ~ifficulty in comparing the results obtained f rom the 
polycrystalline material with the theoretical curve . It appears that 
these difficulties were largely due to geometry £'actors associated with 
the source, target, and radiation measuring equipment. 
On the basis of the results reviewed in the literature, the 
reflection of gamma-rays in measurable amounts by single crystals or 
metal appears feasible. While the measurenient of the reflec-ted radiation 
directly would be difficult, an indication of the effeetiveness of a 
single crystal as a shielding material could be obtained by a eomparison 
of its attenuation or scattering characteristies with those of the same 
mat erial in the polycrys-talline form. 
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III . ANALYSIS 
The primary processes in the inter action of gamma-rays with matter 
are (a ) photoelectric effect, (b) pair production, and (c) Compton 
effect. In the photoelect.ric effect , all of the energy of the incident pho-
ton is transferred to a bound electron which is ejected from the atom. 
In pair production, all of the energy of the incident photon is 
transfor med into creating an elec·tron-positron pair. Compton effect 
involves seattering of photons by free electrons. After st riking an 
electron, the photon moves off at an angle with its original di rection 
and with less ener gy than it had :initial ly. The rel ative magnitudes of 
the three processes depend on the energy of the incident gamma-radiation 
as well as the nature of the absorbing material. 
The source of gamma-radiatio:n avail able for the study of single 
crystal characteristics was Cobal·t-60 which emits primary gamma-rays of 
1 . 3316 ano 1 .1715 Mev. For a com:pa.rison of the magnitude of the three 
material interaction ef':fect s , thi:s may be considered as a monoenergetic sour ce 
of l.252 Mev wit hout appreciable ,error. 
The sel ection of a target ma·terial w.s not 1:imi tea as many metals may 
be grown as single crystals . Fi-ollll practical considerations, however, the 
material should be available in a single crystal and in the usual 
polycrystalline form f or comparis1;;,n . If' Bragg refl ection occurs, then 
smal l intere:cystalline plane sepa:ration would be desirable to obtain as 
large a critical angle as possiblie. The existence of cl osel y packed 
planes within the crystal should ·be an aid in producing reflection, 
In consideration o.f the above req1uirements copper was selected as the 
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target material to be used. 
With Cobalt..60 as the gamma-'.t'ay source and copper as the target 
material, the absol"!)tion coe£fieients are approximately as foll ows 
(;;, P• 96), photoelectric effect, 0.0422 x 10•24 em2/atom; pair pro-
duction, 0. 0079 x 10""24 cm2/atom; and Compton effect~ 5.50.3 x 10-24 
cm2/atom. Thus, it may be seen that the Compton effect accounts for about 
ninety-nine percent of the interaction. In view of this• any variation in 
the Compton scattering exhibited by the single crystal may be considered as 
a significant characteristie. 
Davisson and Evans (3) have presented an extensive review of the 
theoretical ealeulation of the Klein-Nishina c:ross section. The fraction of 
gamma-ray energy scattered in a given direction may be ~bta~nea by a 
quantw:n mechanical treatment of the Di;ra~ equation for the electron, 
J; I 0 e4 . , l + eos2 ¢ -:> x 1 + . . 0<_ 2(1 ... cos ¢)2 
== 2Jtl.c4r2 x \]. + c-.:(1 - cos ¢)] ~ (1 + · c~s2 ¢) [1 + lX {l - cos ¢jJ 
10 = intensity of the ineident beam of gamma-rays. 
I ~ intensity of the s~attered beam at the angle¢ and distance r 
:f'rom the scattering el ectron of charge e and mass m. 
rx = hl/mc2• 
The e.quation may also be -written, 
where h ✓ is the energy of the incident photon, h ,./' is the energy of the 
scattered photon, and k(¢) is the cross section £or the number of 
photons scattered per electron per unit solid angle in the direotion ¢ 
and is knQ'Wn as the Klein- Nishina cross section. From the foregoing, the 
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quantity k(¢) is seen to be k(¢) = I hJ r2/10hV'. 
If I is equal to B h✓, k(¢) reduces to k(¢) =. (B/B0 )~2; where B0 
is the incident flux, and Bis the scattered flux a distance r f rom the 
scattering electron. 
Experimentally, a calculation of the incident flux from the source 
; 
. 
strength and geometry factors involved plus measurement of the distance 
rand the scattered flux would yield a determination of k(¢). There 
are, hovever, many dif ficulties i nvolved in the measurement and 
calculation of t he above quantities. The exact measurement of distances 
and collimator openings is questionable except in the more precise 
experimental equipment. Although the source may be considered 
monoenergetic and of known strength, the accompanying "trash" or low 
energy radiation of x-rays, Compton gamma-rays, and bremstrahlung from 
the collimator and the source container may comprise a sizeable fraction 
of the total radiation. The self-absorption of the target -which accounts 
for those photons initially scattered in the direction of t he detector and 
reabsorbed or r escattered by the target material out of the solid angle 
subtended by t he detector may be substantial in a t hick target. 
Similarly, an aceounting for buildup or the scattering into t he detector 
of t hose photons t bat were initially scattered would have to be made. 
A simpler method of comparing the scattering characteristics of a single 
crystal vi.th t hose of the same mat erial in its polycrystalline f orm was 
indicated. This could be done by selecting two targets of the same 
dimensions. No particular dif ficulty was envisioned in selecting the 
single crystal and machining the other t arget to its exact specifications. 
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Geometry factors could be eliminated in the comparison if the geometry 
were kept constant. The result would be a scattering comparison based 
solely en measured radiation values. 
Consideration was given to the reflection-scattering of gamma- rays 
by a single crystal. If' reflection occurs when a photon enters a 
crystal, the photon may be scattered or it may be reflected. These 
processes me.y occur singl y or in multiples or in singl e- or multiple 
combinations as the photon traverses the crystal. At best, its direction 
and energy, if it leaves the crystal, is s,een as some complicated 
function of the incident photon energy, the crystal material, the 
incident angle and the scattering angle. The analysis of such a function 
was beyond the scope of this investigation. The means was avail able, 
however, to investigate two of the variables experimentally, viz., 
incident angle and scattering angle. The best method of procedure appeared 
to be one of comparing the scattered radiation of the two mater ials for a 
particular inoident angle over a range of scattering angles. Time 
permit~ing, this method could be repeated for a series of incident angles 
and thereby gain insight into the reflection-scattering dependence on the 
tw variables. 
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IV. MATERIALS AND APPARATUS 
A plan view of the apparatus used in this i nvestigation is presented 
in Figure 1 , Figures 2, 3, and 4 show the irradiation faoility, target 
materials, target platforms, and general arrangement of the experitnental 
equipment. A detailed description of each component follows. 
A. Source 
The source used was approximately two curies of Cobalt-60 which 
was housed in a facility built for this purpose in the Chemistry 
Engineering West building on the Iowa State University campus, The 
irradiation facility is a design described by Me Dermott (6). 
Essentially it provides a source container in the form of an upright lead 
cylinder 16-in. in diameter and 19-in. long mounted on a concrete 
foundation . There are six equally spaced radiation ports, 1/4-in. in 
diameter and 2 1/4--in. abov~ the table which surrounds the cylinder. The 
source is pinned on the end of a rack, the other end of which protrudes 
from an opening in the top of the cylinder. By a suitable arrangement of 
an electric motor and reduction gears, the source can be raised from its 
"safe" position 'Within the cylinder to a position where the radiation 
emits from the six ports simultaneously. Up and down travel of the 
source is limited by two micro-switches; one stops the source in the down 
position, the other stops the travel in the up or radiation position. 
Another micro-switch operates a red light which is on at all times that 
the source is not in the nsafe" position. Beam a,ttenuation is provided 
NOT ro· SCALE 
GRID ,.......-; -
COLLIMATOR 
PLOTTER ARM 
Figure l. Plan view, experimental apparatus 
BEAM CENTERLINE -------~ 
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·•;.:Y DETECTOR SHIELD 
, .. J 
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MEASUREMENT OF SCATTERED RAYS. 
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·\ ,_,. 
~ 
Figure 2. EX})eriment.al arrangement of' sou:r-qe, collimatol'1 de.tecto::r and 
aealer.. Detector shieldi ng and part of source shielding 
removed · · 
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Figi.111' 3.. Experimental llX'rengement or equ.iptnent used to find position of 
single cry-stal f'or gamma-ray reflection 
15 
Figure 4. Experimental arrangement of equipment used to obtain data on 
scattered radiation 
17 
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for all ports by 5-in. thick lead slabs at the perimeter of the table. 
This investigation was the first to be undertaken using the 
irradiation facility. Considerable time was spent checking its operation 
and getting it to working smoothly before the souree was inserted. The 
source was placed in the facility and the dose rate in the working area 
checked by the Health Physics Group from the Ames Laboratory. Within the 
limits of sourc~ travel in the cylinder, the dose rate outside the table 
perimeter was less than 0.2 mr per hour. The maximum dose rate, all 
configurations, \las 3.8 r per hour directly in f ront of one of the radiation 
ports. Since only one of the ports was t o be used in this investigation, 
the others were covered with lead bricks as show in Figure 3. This 
arrangement reduced the dose rate to less than 4 mr per hour at one foot 
from the covered ports. With the source in the irradiation position, the 
dose rate on top of the cylinder was approximately 20 mr per hour in the 
vicinity of the protruding rack. Since there would be no necessit y 
for exposure in this ar ea, this condition was not considered ha.zardous. 
B. Collimator 
First collimation of the source occurred as the beam passed through 
the 1/4- in. diameter hole in the 8- in. radius lead cylinder. Another 
collimator was obtained in the form of an 8 l/4 by 4 by 4- in. lead block 
'With a 3/32-in . diameter hole along the 8 1/4-in. dimension. This colli-
mator was cast with a 3/:32- in. diameter steel piano wire rod in it. In 
order to ensure that the rod could be smoothly withdrawn aft er casting, it 
was coated with a commercial preparation called Aquadag which worked very well 
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for this purpose . The manufacture of the mold and the casting of the 
collimator was done by the Iowa State University Plumbing Shop. 
C. Targets 
The single crystal of copper used in the investigation was obtained 
:from the Metallurgy Group at the Ames Labor atory. Since copper is a £ace 
centered cubio material, the lll plane is the most densely packed plane. 
This pl~ was located by x-ray analysis util izing back reflection Laue 
photography. After the orientation of the 111 plane was determined, the 
crystal was removed from the x•ray machine and a slug appro~im.ately l/4,-in. 
thick was carefully cut parallel to 111 crystal planes. The cut was made 
by using a thin carborundum grinding ·wheel lubricated with large amounts 
of cold 1,1ater . 'l'he slug was polished using 600 grain emory paper as the 
final abrasive with cold water as the lubricant. After etching with 
nitric acid, the slug was returned to x~ray analysis and checked for 
possible stresses due to cutting and to see if the cut had been made 
parallel to the lll plane. The check revealed no apparent stresses due to 
cutting and that the 111 plane was parallel to the cut f-ace . 1'he single 
crystal of copper in its finished form was a dise about 1-in. in diameter 
and 1/4-in. thick with the 111 crystal plan.es parallel to its circular 
cross- section. 
For comparison purposes in the investigation, a piece of' erdinary 
polycrystalline copper o.f the same diamet er was turned out on a lath&. 
From this a slug of approximately the desired thickness was eut. With the 
use of a micrometer and the same techniques of polishing and etching, the 
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single crystal d.imensions were reproduced in the polycrystalline material. 
A microscopic examination was made of this specimen and the grain 
diameters yere found to be of' the order oi' 20 mierons. 
D. Target Platform and Mounting 
Although the ecystal had been carefully eut and aligned, it was 
necess-ary to arrange equipment for aeeuratel y aligning it 1.lhen e-xposed to 
the gSl?lllla ... !'ay beam. For this purpose au. s. Navy sextant was modified in 
order that the crystal could be mounted in the position normally occupied 
by the refl.ection mirror of the sextant. This arrangement permittel:i the 
ar>.gular rotation of the crystal to be read in 0 .05-min. increments if 
desired. The crystal mounting was made of plexiglass ·and the crystal 
attached 'With rubber oement. 
The support legs of the sextant would not permit free rotation of 
the detector throu..gh the £ull range desired, so it was necessary to make 
an additional target holder to which the target eould be transferred for 
measurement of scattered radiation. This was me'3e of two small blocks of 
wood and attached to one arm af the apparatus on which the detector was 
mounted as shown in Figure 4. The same crystal mountings were u.s.ed with 
both target :platforms. 
E. Detector 
The detector used for the expel'iment was a model DS-lA scin•cillation 
detector manufactured by the Nuclear Instl'Ument and Chemical Corporation. 
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The sensing eleme-nt of the de-te-otor was a thallium act.ivateo sodium iodide 
crystal. The detector was equipped with a removable lead shield with a 
1-in. diameter aperature. To sharpen the field of radiation scanned two 
lead ttricks were placed in f r ont of the instrument leaving a 1/8-in. sl it 
as shown in Figura 4. 
F. Detector l?latf ol'l!l and Grid 
The detector platform was made ot laminated· plywood in such a manner 
that the centerline of the detector t-rould lie along the axis of the 
r adiation be~. Stops were provided on the platf orm. in order that the 
detector could be removed and returned to the platf orm without changing 
its relative position on the platform. 
In order to measure the angle of rotation of the detector with 
respeet to the crystal, the detector platf'ol"Jll t4as mounted on on~ a~ of a U. 
s . Navy three-arm navigational plotter 'With the detector centerline aligned 
with one of the plotter arms. The three- am plotter consists of a plastic 
grid graduated in degrees and two plastic arms whose :rotation about the 
grid center can be mea·sured in one minute increments by means of a vernier 
on the arms. The plotter is show in Figure 4• 
A hole was bored in the table along the beam axis over which the grid 
center was mounted. The sextant l eg corresponding to the rotation center 
of the c:cystal was placed through the grid and into the hole resulti ng in 
a finn placement oC the crystal directly in the, beaill and at the center of 
rotation of the detect or . 
The combinati on of detector, detector platform and two lead bricks 
proved rather unwieldly .for movement of the detector. To alleviate this 
situation, two boards 1/16.in, thieker than the platfotm were bracea with 
strap steel and slipped snugly over t he detector platf orm.. The two bricks 
were s~cured on these boards by strips of wood to provide the 1/8-in. slit 
in front of the detector •. By using some paraffin as l ubricant between the 
boards and the tabletop and removing the detector eaeh time the pl:atf'orm 
was moved, the combination vorked very smoothly .. 
G. Scaler 
A Baird ... Atomic model 132 gener&l purpose high speed glow tube scaler 
was used to provide the high voltage for the scintillation detector and 
to count the pulses from it. Timing ws done by a Baird-Atomic model 
960R dual purpose precision timer. 
The sealer had a published resGlving time of less than f ive micro• 
seconds which was the controlling factor in dete:r.mining coincid&nce losses 
in counting . To detennine whether a resolving time of this magnitude 
resulted in a significant .loss in counting rate, use was made ef the 
equati on given in Friedlander and Kennedy (4): 
B. R* = . . -
1 - Re: 
where R* is the ;rate lrl.th no coincidence loss, R is the observed counting 
r ate and ~ is th~ resolving time. For a count rate or 600~000 eeunts 
per minute the loss is appl:'oximately one percent. For the rates encountered 
in taking data in this experiment, the losses will be negligible. 
Some difficulty was encountered in obtaining consistent readings on 
the scaler. At times the variation exceeded ten times the statistical 
deviation based on the 68 pereent confidence level. 
were attributed to fluctuations in the line voltage. 
These variations 
Finally, the taking 
of data during daytime was abandoned in favor of the late evening and 
early morning hours when the line loao could be expected to be more 'Ulliform., 
No difficulty was eneounter~d at these times . 
H. Miscellaneous Equipment 
Other items of equipment used vere a model SU5A TracerLab portable 
survey meter and personnel film badges. 
The survey meter was used from time to time to cheek the radiation 
level in the working area and to estimate the sharpness and location of 
the beam of radiation. Personnel film badges were provided by Health 
Physics from the .Ames Laboratory and checked weekly. 
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V. PROCEDU~ 
A. Operating Voltage 
The seintillation detector was placed in a position to obtain a 
count rate of approrlmately 50,000 counts per minute and a curve or count 
rate. versus operating voltage was run. An operating voltage of' 16,0 volts 
-was selected from the midpoint of the flattest part of the curve. 
B. Experimental Geome·try 
The source was placed in the l'adiation position and an attempt \.1as 
made to locate the centerline of the beam without the collimator. Si.nee 
the counting rate in the beatn was too high f or the scaler to accomodate, 
only an approximate location was possible. This did however coincide with 
'What appearea correct :from the ge0metry of the apparatus. The collimator 
was a·ttached and .aligned with the cylinder port by using the 3/.32-in. 
diameter steel rod as an aid. The collimator reduced· the counting rate to 
whore it was possible to plot counting rate as a function oi.' detector 
po.si tion and aetali'Illine the beam centerline. A line was inscribed along 
t he tablet0p to mark the location of the beam axis. 
The location of the grid; sextant and detector were largely 
determined by the $ize of the table, the dimensions of the equipment, and 
the distance between the beam. stop and the lead cylinder. The sextant wae 
mounted at the grid center along the beam axis. Enough room was 1.eft 
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between the collimator and grid center to block off the source by two lead 
bricks when making adjustments on the sextant or the detector,. The 
detector had to be located in a ma.nne:z- such that the vernier eould be r·ead 
·and at the same time leave roOlll for !"Ota-t:!.on of the detector past the beam 
stop. 
The calc'Ulated bal!IIll width ldth the collimator ill position was o.3 
degrees. The centerline determination showed a counting peak vrith a o.; 
degree width at half maximum although there was considerable counting 
rate at 1,0 degree from the centerline. 
e. Reflection Data 
?onsidering the Bragg equation as indicating the conditions for 
reflection of Oobalt-60 gwmna--rays by a single crystal of copper,. 
n>.. 
sin O = -2d 
where for first order reflection; n = l, ),, = 9.8;38 x 10-.3 A0 and d, 
the distance between the 111 planes is equal to 2.083 A0 , 
sin e = 0 . 00.2.36 e ~ 8 minutes 
This meant that the crystal had to be aligned within rather close 
tolerances to produce re . fleetion of the primary radiation. The sextant 
appeared adequate £or this task. 
Measurement of the reflected radiation would require a detector angle 
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of 28 or approximately 16 minutes, Unfortunately, even Yith the degree of 
collimation obtained, a de•tector angle of 16 minutes placed the detector 
too close to the beam of radiation and it was impossible, to discern tJ.ny 
effects from the crystal. The dete~tor vas moved to l,O degree where the 
count rate was approximately 20,000 counts per minute (detect0r angles are 
clockwise rotation from the beam centerline about the grid center) . 
Although this angle was too large to obtain reflection .from the beam 
centerline, it appea~ed reasonable to expect reflection from the outer 
fringe ef the radiation cone-. The eountil'lg rate of 20, 000 counts per 
minute was desirable from •a statistical viewpoiitb and ohang~s in eounting 
rate could be ascertained mere easily. 
With the -detee~or rued at l.O degree, the ccystal was rotated and 
one minute eounts were plotted as a function of crystal rotation. The 
results showed a definite peak in the counting rate, so tan-minute counts 
were taken ovEjr the same range in order to reduce the statistical 
devia.tien. The data .f'or this run is presented in Table 1 and Figure 5 .• 
Since only qualitative results were desired, .no correction for background 
was made and statistical deviatien was not considered in plotting t-be curve,. 
The single crystal was removed from the se-xtant and the polycrystalline 
copper was mounted on the sextan't in the same manner. Another run was w..aae. 
over the same range of: angles 'With negative resultij. The only variations 
uoted were statistical in nat'Ul'e. 
Frem .the above it -was concluded that some of the gamma-rays were being 
refl ected by the single cr"7stal. 
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D. S1:1at1lering Data 
Because of the previously di1scussed difficulty of rotating the 
detector platfo1"m Yith the sextanib in place, the sextant was replaced by 
the other target platform. The t,rniod platform was aligned and secured 
where the target wuld occupy the position corresponding to the reflection 
peak obtained. The targets remailaed cemented to their respective 
ple.xiglas-s m~rnntings which ceuld 1be interchanged 011 the plati'onn by a pin 
arrangement·. With this equipment;, it Ya.a possible to take a background 
count followed by successive read:lngs :for the singl e crystal and the 
polycrystal without moving the de,t.eetor. This procedure was used over the 
range of detector or scattering angles investigated. 
In consideration of' the tillle available_, only the two extremes of 
incident angle were seleetea; i.e .• , with the reflection planes in the 
position of obsened refl ection a1rid perpendicular to this position,. 
respect~vely. It was felt that the reflection dependeney on incident angle 
would best be illustrateGi by thes,, two eondi tio11s . 
The perpendicular case was tireatea first by rotating the target 
ninety degrees from the observed ireflectien peak. Counting rates uere so 
l ow- that counting times of_thirty minutes were necessary- to obt~in any 
reasonable statistics. The remov1al, at this time, of the col limator 
resulted in readings which gave ~,od statist ics for ten-minute counting 
periods. The collimator wa·s not u sed thereafter in taking the scattering 
data. Ee.cause of geometrical l im:ltations, the maximum scattering angle 
investigated was one hundred degrt!les. 
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After the above run was complete-cl, the crystal we returned to the 
observed reflection position and readings were taken over the same range 
et angles with the same procedure. 
The s catte~ing .data are recorded in Table 2. 
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VI. BESUL1'S AND DISCUSSION 
The results of this investigation are presented in the form of a plot 
of counting rate as a function of scattering angl e in Figura 6. 
No particular significance is attaohed to the difference in 
magnitude of the scattered radiation for the two di£ferent po~itions ot 
the s&llle material. This difference may be attributed, however , to the 
difference in the actual amount of material exposed to the radiation in 
the two positions. The small dip in the curve for the perpendioula;r ca1;1e 
at about ninety degrees may be .attributed to the fact that there was a 
significant increase in ma.terial between · the detector and the scattering 
elements as the de.tector was rotated past the long dimension of the target. 
The obj ective of this study was to determine a possible use of single 
crystals as a shielding material. Since the interaction of Cobalt-60 
photons with copper is primarily by Compton affect, it w.s postulated that 
the effectiveness of a single crystal as a shielding material eould be 
ascertained f~om a comparison 0£ scattering by a single crystal and a 
polycryetalline slug of the same dimensions . It was al so assumed that 
scattering (reflection) by a single crystal wGuld be a .function of the 
incidence angle, i.e. , the angle between the incident radiation and the 
refleoting planes. The latter assumption led to the investigation. of the 
two incidenee angles separatel y. 
Reference to Figure 6 will show that there is a small difference in 
the scattering exhibited by the two materials. There does appear to be a 
trend around the ninety degree position in both cases. That this is 
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significant is not known. The geometry of tlle experimental equipment 
prevented measurement past the one hundred degree position. Of the two 
cases considered, that corresponding to the position of previously observe~ 
re.flection consistently gave higher readings f or t he single crystal while 
the perpendicular case consistently gave lower readings f or the single 
crystal. Although the di.fferenees are small, they give an indication of 
the scattering effectiveness as a functio~ of incidenee angle. It appears 
that increasing the in'cidence angle decreased the crystal effectiveness 
as a scatterer. In .faet, the single crystal was less ef f ective in the 
perpendicular position than the polycrystalline cspper, Those photons that 
were scattered at angles corresponding to the critical angle for reflection 
were partially reflected• The reflectio~ a.way from the beam centerline 
when the crystal was aligned £0:r reflection was manifested in the small 
increase in scattered radiation over the scattering angles investigated. 
It is noted also that those P,hotons scattered in the vicinity of ninety 
degrees were partially reflected when the crystal planes were 
perpen<licular to the beam of radiation. 
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VII. CONCLUSIONS 
The results of this experiment indicate that there is a small .change 
in scattering characteristics of copper in its single crystal form. Its 
scatter:i.ng effectiveness is a function of the angle of incidence of the 
radi ation on t he reflecting planes. The scattered radiation within the 
crystal appears to be reflected in a manner similar to that \.Jhich the 
inci~ent radiation undergoes. 
From a practical vie'Wp9int there seems to b0 little to indicate the 
use of single crystal copper as a shielding material. Even if the 
additional cost and difficulty of .fabrication are not considered, the 
advantages appear too small to be beneficial. 
34 
VIII • RECOMMENDATIONS 
Thf> combination of scattering and :reflection within a single crystal 
appears worthy of further study. Since the mechanism. by which it occurs, 
is complex, a theoretical analysis is suggested prior to further 
experimentation. Perhaps the .method of random sampling (Monte Carlo) 
cou.ld be used as it has been in solving gamma-ray attenuation problems 
(5, p. 183). It would amount to adding the random sampling of 
reflection probability to probabilities of collision, absorption and 
~ scattering already present. The procedure would be long and tedi ous and 
would require the use of high speed computers. 
In this investigation, no attempt was made to measure the ener gy 
spectrum of the reflected or scattered radiation. The use of a recording 
spectrometer would have been helpf'UJ. in interpreting the results, and a 
positive identif ication of the reflect ed radiation would have been 
poBsible. It is r ecommended that a spectrometer be used in conjunct.ion 
..,d th a scaler in any further work ·or this type. 
1. 
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Table 1. Experlmental data for reflection 
Detector angle: -one degree 
Counting time : ten minutes 
Sextant anfle Counting rate Sextant angle Counting rate 
{degrees (cpm) (degrees) (epm) 
77. 0 16692 80.6 17820 
78.0 16741 80.8 18530 
78.6 16578 81.0 19243 
78.8 16529 81.2 19994 
79.0 166)9 81.3 20860 
79.2 16698 81.4 2020.3 
79.4 16765 81.5 19224 
79.6 167.31 82.0 17801 
79.8 16814 83,.0 17l'J'/ 
80.0 16970 84.0 17112 
80.2 16854 s;.o 17168 
so.4 17330 86.0 17115 
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Table 2. Experimental data for scattering 
No collimator 
Counting time: ten minutes 
DeteQtor Background Poly• Poly .. Single Single 
angle crystal crystal net crystal crystal net 
(degrees} (epm) (cpm) (epm) (opn) (cpm) 
(l} ill crystal planes in position of observed reflection 
10 1546.2 5403.6 3857 :!:: 26 5391.8 3$45 ! 26 
20 ,01.2 4184.4 .3683 :!: 21 4228.2 J727 ! 21 
30 .340.0 3159,S 2820 ± 19 3241.0 .2901 ! 20 
40 ,Ul.8 2627.8 2216 + 17 .. ... 2647.2 223i ± 16 
50 411,4 2244.6 1833 :!: 15 2~69. 2 1858 !. 15 
60 404.0 1925.2 1525 :!: 15 1924.8 1521 ! 15 
70 )80.2 1699.8 1320 + 15 
-
1730.4 1.350 ! 15 
80 378.4 1601.2 1223 ± 14 1644.0 1266 f 14 
90 372.6 1557.0 1184 :!: 14 1570.8 1198 ! 14 
100 .398.2 1539.4 1141 ± 13 158).4 1185 ± 13 
(2) 111 crystal planes perpendicular to (1) 
10 2200 5670 3470 ± 28 5681 3481;: 28 
20 6.39 3838 .3191 :!: 21 3799 3160 ! Zl. 
30 379 2$88 2509 :!: 18 2857 248'7 ± 18 
II) 350 2316 1966 t 16 2313 1961 :!: 16 
;o 
.391 1978 1587 ! 15 1978 1587 ! 15 
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Table 2. (Continued) 
No collimator 
Counting 1~ime : ten minutes 
Det ector Background Poly• .. Poly- Single Single 
angle crystal crystal net crystal crystal net 
(degrees) (opm) (cpn'.) (cpm) (cpm) (epm) 
60 398 1635 1237:: 14 1617 1219 :!: 14 
70 387 1.353 966 ! 1.3 1.364 977 !: 13 
80 373 1215 842 ! 13 1190 817 ! 13 
90 382 1116 734 ! 12 1070 688 :t 12 
100 409 1190 781 ! 13 11.32 723 :!: 1.3 
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Sample Calculations 
St andard deviation for scattering data. (Table 2, line 1.) 
( .1. ..l. 6"t = total coun.~)2 = (540.3(>)2 = 23•2 
counting t ime 10 · 
L (}bg = (backsround count)½ = (15462~½ = 12.5 
counting tim6 10 
Critical angle for reflection. {p. 25) 
sin e = !1..>--
2d 
n=l 
)_ _he _ 6. 625 x 10-Zlerg-see x 2.9776 x 1010cm/sec 
- E - l.602 x 10-6erg/mev x 1.252 mev x io•8cm/A0 
d = 2. 08) A0 
sin 8::: 0.00236 
e ~ 8 minutes. 
